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SUMMARY
Existing evidence indicates that 21-days
exposure of rats to restraint stress induces
dendritic atrophy in pyramidal cells of the
hippocampus. This phenomenon has been
related to altered performance in hippocampal-
dependent learning tasks. Prior studies have
shown that hippocampal expression of cell
adhesion molecules is modified by such stress
treatment, with the neural cell adhesion molecule
(NCAM) decreasing and L1 increasing, their
expression, at both the mRNA and protein
levels. Given that NCAM comprises several
isoforms, we investigated here whether chronic
stress might differentially affect the expression
of the three major isoforms (NCAM-120,
NCAM-140, NCAM-180) in the hippocampus.
In addition, as glucocorticoids have been
implicated in the deleterious effects induced by
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chronic stress, we also evaluated plasma
corticosterone levels and the hippocampal
expression of the corticosteroid mineralo-
corticoid receptor (MR) and glucocorticoid
receptor (GR). The results showed that the
protein concentration of the NCAM-140
isoform decreased in the hippocampus of
stressed rats. This effect was isoform-specific,
because NCAM-120 and NCAM-180 levels were
not significantly modified. In addition, whereas
basal levels of plasma corticosterone tended to
be increased, MR and GR concentrations were
not significantly altered. Although possible
changes in NCAM-120, NCAM-180 and
corticosteroid receptors at earlier time points of
the stress period cannot be ignored, this study
suggests that a down-regulation of NCAM-140
might be implicated in the structural
alterations consistently shown to be induced in
the hippocampus by chronic stress exposure. As
NCAM-140 is involved in cell-cell adhesion and
neurite outgrowth, these findings suggest that
this molecule might be one of the molecular
mechanisms involved in the complex inter-
actions among neurodegeneration-related events.
KEYWORDS
neurodegeneration, mineralocorticoid receptor,
glucocorticoid receptor, corticosterone, neural
plasticity, learning
(C) 2002 Freund & Pettman, U.K. 147148 K. TOUYAROT AND C. SANDI
INTRODUCTION
Chronic exposure to stress or to glucocorticoid
hormones has been shown to result in brain and
cognitive disturbances (McEwen, 1999; Sapolsky,
1999). Available evidence obtained in rats indicates
that sustained stress induces a time-dependent
neurodegeneration in the hippocampus, which goes
from an initial reversible damage (McEwen, 1999)
to a more enduring vulnerability to metabolic insults
(Stein-Behrens et al., 1994), which under certain
circumstances could lead to overt neuron loss
(Sapolsky, 2000). The reversible phase of hippo-
campal damage occurs after 3 to 4 wk of exposure
to either high levels of corticosterone (Watanabe et
al., 1992b; Wooley et al., 1990) or to repeated
stressful situations (Magarifios & McEwen, 1995a,
1995b; Sousa et al., 2000; Watanabe et al., 1992a).
Widespread studies have consistently reported that
this phase is characterized by an atrophy of the
apical dendrites of the CA3 pyramidal neurons
(Magarifios and McEwen, 1995a, 1995b; Sousa et
al., 2000; Watanabe et al., 1992a, 1992b; Wooley et
al., 1990), which some authors have detected in
other hippocampal subregions as well (Sousa et al.,
2000; Wooley et al., 1990). In addition, presynaptic
mossy fiber terminals also show profound ultra-
structural alterations (Magarifios et al., 1997).
Although a general consensus has not been reached
about whether such structural changes result in
impaired hippocampa! function (Bodnoff et al.,
1995), several studies have shown that such chronic
treatments result in altered performance in hippo-
campus-dependent learning tasks, including spatial
learning impairments on a number of mazes
(Bardgett et al., 1994; Conrad et al., 1996; Luine et
al., 1994) and the potentiation of contextual fear
conditioning (Conrad et al., 1999; Sandi et al., 200 l).
Several studies have implicated the cell
adhesion molecules (CAMs) of the immuno-
globulin super-familyparticularly the neural cell
adhesion molecule (NCAM) and Llin the
impact of chronic stress and glucocorticoid
treatments on memory and plasticity (Gootendorst
et al., 2001; Sandi and Loscertales, 1999; Sandi et
al., 2001; Venero et al., 1996; 2002). These cell
surface glycoproteins play key roles in neural
development, synaptic plasticity and stabilization,
neurogenesis, regeneration of the nervous system,
and learning and memory mechanisms (Fields &
Itoh, 1996; Ronn et al., 2000; Schachner, 1997;
Sandi et al. 1995; Sandi, 1998; Murphy & Reagan,
1998). Using the 21-d restraint stress protocol that
reportedly induces the described neuronal
dendritic atrophy in rat hippocampus (see above),
our group found that whereas L1 mRNA was
increased, the expression of NCAM mRNA was
decreased in the hippocampus of stressed rats
(Venero et al., 2002).
An important feature of NCAM is that it
comprises several isoforms, derived by alternative
splicing from a single gene (Cunningham et al.,
1987). The three major isoforms NCAM-120,
NCAM-140, and NCAM-180, having respective
molecular weights of 120, 140, and 180 kDa, share
similar extracellular parts, but differ in their length
of their cytoplasmic domain and their attachment to
the cell membrane. Whereas NCAM-140 and
NCAM-180 are integral membrane glycoproteins,
NCAM-120 is anchored to the cell membrane
through a phosphatidylinositol linkage (Jorgensen,
1995). Using the enzyme-linked immunoabsorbent
assay (ELISA) technique (with a first antibody for
NCAM assays that recognizes all three major
NCAM isoforms), we confirmed that stress-induced
modifications in CAMs mRNA expression are
paralleled by the corresponding changes at the
protein level, with L1 showing a tendency to
increase, whereas NCAM markedly decreases in the
hippocampus of stressed rats (Sandi et al., 2001).
Given the different localization and role
played by the various NCAM isoforms (Jorgensen,
1995; Schuster et al., 2001), we designed the
present study to assess whether chronic stressCHRONIC STRESS DOWN-REGULATES NCAM-140 149
might differentially affect the expression of the
three major NCAM isoforms (NCAM-120,
NCAM- 140 and NCAM- 180) in the hippocampus.
Thus, rats were either left undisturbed or
submitted to a 21-day restraint stress protocol, and
NCAM was subsequently measured in the
hippocampus by Western blotting. In addition,
given that glucocorticoids have been implicated in
the deleterious effects induced by stress on
hippocampal structure (Magarifios et al., 1995a),
we also evaluated the hippocampal expression of
corticosteroid receptorsthe mineralocorticoid
receptor (MR) and the glucocorticoid receptor
(GR)---at the protein level.
EXPERIMENTAL
Animals
Male Wistar rats (Faculty of Medicine,
Complutense University, Madrid, Spain), weighing
150 to 175 g on arrival, were housed in groups of 3
per cage, under controlled conditions of
temperature (22 +/- 2 C) and light (12:12 light-dark
cycle; lights on at 7 a.m.). The animals had free
access to food and water in a colony room.
Approximately 5 wk after arrival, the rats were
handled daily for around 4 d before being weighed.
Rats were then matched by groups of four
according to their body weight, and each of the
four matched animals was assigned randomly into
one of four experimental groups. On the 5
th wk
after arrival (rats weighing around 290 + 45 g, in
their 13
th wk of life), the chronic stress procedure
started for those animals assigned to the stress
groups. Body weights were recorded periodically.
All behavioral experiments were conducted
between 08:00 and 14:30 h. All efforts were made
to minimize both the suffering and the number of
animals used. Animal care procedures were
conducted in accordance with the guidelines set by
the European Community Council Directives
(86/609/EEC).
The Chronic Stress Procedure
A group of rats (n 9) was subjected to
chronic restraint stress for 21 d. The sessions
consisted of 6 h/d (8:30 a.m. to 2:30 p.m.)
restraining the rats in plastic restrainers secured at
the head and tail ends with clips. During the
restraint sessions, the rats were placed in a room
adjacent to their colony room and every day, at the
termination of the stress session, they were placed
again in their home cages. During this period,
untreated control animals (n =9) remained un-
disturbed in their home cages.
Hippocampal and synaptosomal preparations
One day after the termination of the stress
procedure, rats from ’stressed’ or ’undisturbed’
condition were decapitated, the brain was removed,
and the hippocampus dissected out on ice. Tissue
samples were coded and stored at-80C until use.
Then, the tissue was further processed to obtain
homogenate and synaptosomal preparations for the
subsequent corticosteroid receptor and NCAM
isoform assessments, respectively. Homogenates
were obtained by homogenizing the hippocampus
in 10 volumes of ice-cold sucrose (0.32 M) and
HEPES (5 mM) buffer that contained a cocktail of
protease inhibitors (Complete TM, Boehringer
Mannheim, UK) with 16 strokes. Crude synapto-
somal pellets were obtained according to a
modified protocol from Lynch and Voss (1991).
Briefly, the homogenized tissue was centrifuged
for 5 min at 1,000 g. The supernatant was then
centrifuged for 15 min at 15,000 g and the pellet
resuspended in Krebs buffer containing protease
inhibitors for use. The protein concentration for
each sample was estimated by the method of
Bradford (1976).150 K. TOUYAROT AND C. SANDI
Quantification ofNCAM isoforms
Since NCAM consists of several isoforms
(including 3 major ones of molecular weights 120,
140, and 180 kDa) resulting from the alternative
splicing of a single gene, we prepared Western
blots to compare the expression of the NCAM
major isoforms in crude synaptosomal prepara-
tions of control and stressed animals. In brief,
hippocampal synaptosomal samples obtained from
chronically stressed and control rats were
denatured for 2 min at 100 C in 30 mM Tris-HCl
buffer (pH 7.4) containing 0.05% SDS and [3-
mercaptoethanol. Equal amounts of protein (15
tg) were applied in each lane, separated on 7%
(w/v) SDS-PAGE (1 mA/cm, h), and then trans-
ferred to an Immobilon-P membrane (Amersham).
After saturation of the non specific sites with 5%
(w/v) skimmed milk in 50 mM Tris-HCl, pH 8,
138 mM NaCI, 0.05 % Tween 20 (TBST), the
blots were incubated for 1..5 h at room temperature
with polyclonal rabbit-anti-rat NCAM antibodies
diluted 1:15000 (a generous gift from Prof.
Elisabeth Bock, University of Copenhagen,
Denmark). The immunoblots were washed with
TBST, incubated for h with a secondary
antibody, anti-rabbit Ig peroxidase whole molecule
conjugate; diluted 1:20000 (Sigma, UK and
Spain), and finally developed using the enhanced
chemiluminescence (ECL) system (Amersham).
For the quantification of autoradiographic
films, images were captured by high-resolution
(600 x 600 dpi), 8 bit (256 grey level) micro-
densitometry with a falt-bed scanner (AGFA Arcus
II). Video images of the autoradiograhs were
converted to grey values and analyzed for optical
density measurements using image-analysis
software (LeicaQwin). The integrated measures of
band optical density multiplied by the area in
number of pixels were recorded.
As can be seen in Fig. 1, the polyclonal
antibody directed to total NCAM identified the
1 2
Fig. l’Immunoblotting of NCAM polypeptide within
the hippocampus of chronically stressed (lane l)
and control (lane 2) rats. Protein samples (15 tg)
of hippocampal synaptosomes were separated
using SDS-PAGE transferred to immobilon-P
and reacted with anti NCAM antibodies followed
by incubation with labeled anti-Ig. Positions of
the three major isoforms are indicated in the
margin (in kDa). Note that the amount of
NCAM-140 was lower in chronically stressed
rats.
three major NCAM isoforms of molecular weights
around 120,000, 140,000, and 180,000 in crude
synaptosomal preparations obtained from control
and stressed animals.
Quantification of receptors
The MRs and GRs were quantified at the
protein level using an enzyme-linked immuno-
sorbent assay (ELISA). Briefly, flat-bottomed 96-
well microplates were allowed to adsorb a coating
solution (NaCO3 0.1 M/NaHCO, 0.1 M) for 2 h atCHRONIC STRESS DOWN-REGULATES NCAM- 140 151
room temperature. The solution was removed and
50 gL of homogenate (10 gg/mL) was added for 20
to 24 h at 4 C. Additional binding sites were
blocked with BSA (3%) for 90 min at room
temperature. The wells were rinsed three times and
incubated for 20 to 24 h at 4C with 50 gL aliquots
of the first antibody, polyclonal goat IgG anti-MR
(N-17; 1:150) or rabbit anti-GR (M-18; diluted
1:250 (both from Santa Cruz Biotechnology; CA,
USA), which detect MRs and GRs in rat brain
(Gesing et al., 2001; Moutsatsou et al., 2001). The
wells were washed and 50 gL aliquots of anti-goat
(for MR assays) or anti-rabbit (for GR assays)
peroxidase- Ig whole molecule conjugates; 1:500;
Sigma, UK/Spain) second antibodies were added for
2 h. Citrate buffer (50 gL of 50 mM Na:HPO4, 25
mM citric acid, pH 4.5) containing mg/mL o-
phenylenediamine and 0.06% hydrogen peroxide
added just before use was placed into each well and
allowed to react for 10 min at room temperature.
The reaction was terminated by the addition of 50
gL of 5N H:SO4 to each well. Optical density was
determined at 492 nm using a Microplate Reader
(DigiScan Reader V3.0 and DigiWlN software
Program; ASYS Hitech GmbH, Austria).
Plasma corticosterone
For the evaluation of basal levels of cortico-
sterone, samples of trunk blood were centrifuged
(20 min at 3000 rpm, 4(2), and the plasma was
stored at-35C. Corticosterone was measured using
a radioimmunoassay kit (Coat-A-Count, Diagnostics
Products Corporation; CA, USA). The intra-assay
variability of the RIA ranged between 3.1% and
4.5%. The sensitivity (minimal detectable concen-
tration) was ca. 5.7 ng/mL.
the Student-t test, as appropriate. Significance was
accepted at p < 0.05.
RESULTS
Effects of chronic stress in the hippocampus
Expression ofthree major NCAM isoforms. As
shown in Fig. 2, stressed and undisturbed rats did
not differ in their protein content of NCAM-120
(t 0.84, n.s.) and NCAM-180 (t 0.28, n.s.)
isoforms, but stressed rats showed significantly
lower protein levels of NCAM-140 than controls
(t 2.10, p 0.05).
MR and GR expression. As shown in Fig. 3,
chronic stress did not elicit significant changes in
MR (t 1.56, p 0.14) or in GR (t 0.59, n.s.)
protein levels in the hippocampus. However, it
should be noted that a slight tendency toward
significance was found for the reduction in MR
levels observed in the stress group, as compared
with control animals.
Corticosterone levels. Basal corticosterone
levels were evaluated in control and stressed rats.
There was a tendency for chronically stressed rats
to display higher corticosterone levels (44.61 _+
9.14 ng/mL) than did controls (24.85 +5.29
ng/mL), which only approached significance (t
1.9, p 0.08).
Body weight. In both groups, body weight
gradually increased throughout the restraint stress
procedure (Fig. 4; F 237.82, p<0.0001). The per-
cent body weight gained along the whole restraint
period was significantly lower in stressed than in
undisturbed control rats (F 93.7, p<0.0001).
Statistics DISCUSSION
All results were expressed as mean + SEM and
analyzed using analysis of variance (ANOVA) or
We report here that exposure to a 21-d restraint
stress regime reduced the concentration ofNCAM-152 K. TOUYAROT AND C. SANDI
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Fig. 2: Effects of chronic stress on the immunolabeling of NCAM isoforms in the hippocampus. Image analysis was
used to determine the change in NCAM immunoreactivity in stressed animals as compared to control animals.
The ordinate represents the integrated measures ofband optical density multiplied by the area in number of pixels
shown for each NCAM isoforms (NCAM-120, -140, -180). Data are the mean + S.E.M from 9 rats per group.
* p< 0.05 vs. corresponding control group.
140 protein in the rat hippocampus, as assessed by
Western blot analyses in crude synaptosomal
preparations. This effect was isoform-specific
because levels of NCAM-120 and NCAM-180
were not significantly modified. These observations
confirm and extend previous findings, in which
NCAM-total mRNA (Venero et al., 2002) and
protein (Sandi et al., 2001) diminished by the same
stress procedure. In addition, the present results
showing a lack of regulation of NCAM-180
protein are also consistent with previous evidence
indicating that NCAM-180 might not be a
candidate isoform to be regulated under our
experimental conditions as mRNA for this species
has been found to remain unchanged after chronic
restraint (Venero et al., 2002).
In the adult rodent brain, the transmembrane
isoforms, NCAM-140 and NCAM-180, are mainly
expressed in neurons (Gegelashvili et al., 1993),
whereas NCAM-120 (and to a lesser extent
NCAM-140) seems to be the predominant species
in glial ceils (Noble et al., 1985). In neurons,CHRONIC STRESS DOWN-REGULATES NCAM- 140 153
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Fg. 4: Comparaison of weight gain between stressed and control rats. Animals’ weights were monitored during the
stress period (21 consecutive days). Data are the mean + S.E.M from 9 rats per group.
NCAM-140 and NCAM-180 are principally
plasma membrane proteins (DiFiglia et al., 1989).
At the synapses, whereas NCAM-140 can be
localized on both pre- and post-synaptic membranes,
NCAM-180 appears to be predominantly detected
only in post-synaptic membranes and densities
(Persohn et al., 1989; Schuster et al., 2001).
In this study, therefore, we identified NCAM-
140 as the NCAM isoform showing reduced
hippocampal expression after exposure to chronic
stress. To what extent this effect might be related
to the alterations in hippocampal morphology
reportedly induced by chronic stress (Magarifios &
McEwen, 1995a, b) remains unclear. As other
investigators also observed a reduction on NCAM
expression concomitant to a process of neuronal
atrophy occurring in CA3 after injection of kainic
acida glutamate analoginto the lateral cerebral
ventricles (Endo et al., 1999), it is tempting to
speculate that down-regulation of NCAM-140 is
one of the molecular mechanisms involved in the
complex interaction of neurodegeneration-related
events (Brodkey et al., 1993; Sapolsky, 2000). As
already mentioned, NCAM-140 can be expressed
on pre- and post-synaptic membranes and exerts its
adhesive properties through homophilic and
heterophilic binding (Schachner, 1997). Therefore,
a decrease in the concentration of NCAM-140
might reduce cell-cell adhesion, and the resulting
elimination of synaptic contacts eventually might
lead to a loss of spines (McKinney et al., 1999)
and dendritic shrinkage.CHRONIC STRESS DOWN-REGULATES NCAM-140 155
In addition, NCAM-140 has been shown to be
critically involved in neurite outgrowth through the
activation of different transduction pathways
(Doherty et al., 1995; Kolkova et al., 2000).
Therefore, it seems plausible to propose that a
reduction in the concentration of this isoform could
result in the converse structural phenomenon;
namely, dendritic retractionas found after chronic
stressins,c.a of neurite outgrowth. Although
biosynthesis-independent pathways cannot be
discarded (Endo et al., 1999), previous data from
our laboratory support the view that chronic stress
impinges on the mechanisms involved either in the
synthesis of NCAM and/or on a feedback system
that governs mRNA splicing in response to different
modulatory actions (Venero et al., 2002). Available
evidence supports the view that glutamatergic
transmission, which has been implicated in stress-
induced neurodegenerative processes (McEwen,
1999; Sapolsky, 2000), might be involved in the
down-regulation of NCAM-140 observed in our
study. Glutamate levels are known to be increased
by stress and glucocorticoids in the hippocampus
(Moghaddam et al., 1994; Venero and Borrell, 1999)
and glutamate receptors to be subsequently
regulated. Particularly relevant for the purpose of
this discussion is that AMPA glutamate receptors,
whose activation was shown to stimulate the
NCAM promoter (Holst et al., 1998), appear to be
diminished by exposure to stressful situations
(Bartanusz et al., 1995).
Although, based on the results of our earlier in
situ hybridization studies (Venero et al., 2002), we
did not expect to observe changes in NCAM-180
concentration in the current study, the lack of
modulation of this molecule after chronic stress is,
somehow, an unexpected finding. Given that, as
opposed to NCAM-140, the lateral mobility of
NCAM-180 within the surface membrane is
markedly reduced because of its interaction with
the membrane-cytoskeleton linker protein spectrin,
NCAM-180 has been proposed to be critical for
the stabilization of cell contacts at synaptic sites
and to play a role in modulating synaptic efficacy
(Pollerberg et al., 1986) and remodeling (Schachner,
1997; Schuster et al., 1998). Because chronic
stress affects hippocampal structure (Magarifios &
McEwen, 1995a, 1995b; Magarifios et al., 1997;
Sousa et al., 2000; Watanabe et al., 1992a) and
cognitive processes (Bardgett et al., 1994; Conrad
et al., 1996, 1999; Luine et al., 1994; Sandi et al.,
2001), a modulation ofNCAM-180 levels by stress
could have been expected. The failure, however, to
find changes in the concentration of this isoform in
our study should not be interpreted as a lack of
involvement of this NCAM species on the
neuronal modifications induced by chronic stress.
This isoform has been proposed as the major
carrier of c2-8 linked polysialic acid (PSA) homo-
polymers (Doyle et al., 1992), and PSA-NCAM is
increased in the hippocampus of rats submitted to
the same chronic restraint procedure (Sandi et al.,
2001). Polysialylation is a posttranslational
modification of NCAM that interferes with
NCAM- and L1-mediated adhesion, eventually
leading to decreased membrane-membrane contacts
and attenuation of cell interactions (Regan, 1991;
Rougon, 1993; Rustihauser & Landsmesser, 1996).
Therefore, changes in the polysialylation state of
NCAM-180 might participate in the structural
alterations impinged by stress.
In addition, it should be noted that the time
point selected in our study for the evaluation of
NCAM expression was designed to assess changes
in steady-state of the different isoforms after stress
exposure. Possible changes in the prevalence of
NCAM-180 polypeptide occurring dynamically at
earlier time points of the stress period, and
eventually returning to baseline concentrations
with repeated exposure, cannot be detected with
our experimental design. Although further
experiments are needed to specifically address the
question ofwhether a time-dependent regulation of
NCAM-180 expression occurs at an earlier time in156 K. TOUYAROT AND C. SANDI
the repeated stress procedure, the available
evidence suggests that this could be the case. For
example, whereas brief stimulation of the
N-methyl-D-aspartate (NMDA) glutamate receptor,
which has been implicated in the dendritic atrophy
induced in the hippocampus by chronic stress
(Magarifios & McEwen, 1995a), increased NCAM-
180 levels, prolonged infusions of NMDA were
followed by a substantial decrease in the concen-
tration of this isoform (Hoffman et al., 2001).
Similarly, our findings indicate that hippo-
campal expression of the corticosteroid receptors
MR and GR was not modulated by chronic stress.
The lack of regulation of MR levels agrees with
the results of previous studies, including different
lengths of exposure to stress (Herman et al., 1999;
Paskitti et al., 2000). The failure of a down-
regulation of GRs observed here contrasts with
previous reports (Sapolsky et al., 1984; Gomez et
al., 1996) but agrees with data from other studies
showing unmodified levels of GRs after exposure
to stress procedures of similar duration (Herman &
Spencer, 1998; Mamalaki et al., 1993). It has been
suggested that the corticosterone levels induced by
chronic stress procedures might not be high
enough to induce the down-regulation of GRs
(Herman & Spencer, 1998). Nevertheless, given
that our study was performed on homogenates of
the whole hippocampus, the possibility that local
changes occurring in specific hippocampal sub-
regions like the decrease found in GR mRNA in
CA3 after chronic stress (Paskitti et al., 2000)
were neglected cannot be discarded. Fu-thermore,
we should also mention that, as argued above, our
experimental design did not allow the assessment
of possible dynamic changes in the expression of
corticosteroid receptors that, according to previous
data (Paskitti et al., 2000), might have occurred
earlier in the stress procedure.
It should also be noted that the validity of the
restraint procedure to induce chronic stress in our
study was supported by the substantial reduction in
body weight, and a tendency of basal cortico-
sterone levels to increase, which agree with results
from previous studies using the same stress
protocol (Magarifios & McEwen, 1995a, b; Sandi
et al., 2001; Venero et al., 2002).
CONCLUSIONS
The protein concentration of the NCAM-140
isoform was reduced in the hippocampus of rats
submitted to a 21-d restraint stress protocol. Given
that NCAM-140 is involved in cell-cell adhesion
and neurite outgrowth, these findings suggest a
role of this molecule on the dendritic atrophy that
has been consistently shown to be induced in the
hippocampus by chronic stress exposure. Although
no changes were found in the expression of the
two other majorNCAM isoforms, NCAM-120 and
NCAM-180, or in the protein content of the two
corticosteroid receptors MR and GR, the possibility
of dynamic regulations occurring in these
molecules, either at an earlier time of the stress
procedure or in specific hippocampal subfields,
cannot be discarded.
ACKNOWLEDGEMENT
This work was supported by grants from the
Ministry of Science and Technology (MCYT,
PM99 027, Spain), and from the EU 5
th framework
programme (QLK6-CT-1999-02187). The authors
wish to thank Prof. E. Bock (Denmark) for the
kind gift of the NCAM antibody, and Dr. Cesar
Venero for experimental help.
REFERENCES
Bardgett ME., Taylor GT, Csemansky JG, Newcomer
JW, Nock B. Chronic corticosterone treatmentCHRONIC STRESS DOWN-REGULATES NCAM-140 157
impairs spontaneous altemation behavior in rats.
Behav Neural Biol 1994; 61" 186-190.
Bartanusz V, Aubry JM, Pagliusi S, Jezova D, Baffi J,
Kiss JZ. Stress-induced changes in messenger
RNA levels of N-methyl-D-aspartate and AMPA
receptor subunits in selected regions of the rat
hippocampus and hypothalamus. Neuroscience
1995; 66: 247-252.
Bodnoff SR, Humphreys A G, Lehman JC, Diamond
DM, Rose GM, Meaney MJ. Enduring effects of
chronic corticosterone treatment on spatial
learning, synaptic plasticity, and hippocampal
neuropathology in young and mid-aged rats. J
Neurosci 1995; 15" 61-69.
Bradford MM. A rapid and sensitive method for the
quantitation of microgram quantities of protein-
dye binding. Anal Biochem 1976; 72: 248-254.
Brodkey JA, Gates MA, Laywell ED, Steindler DA.
The complex nature of interactive neurodegenera-
tion-related molecules. Exp Neurol 1993; 123:
251-270.
Conrad CD, Galea LAM, Kuroda Y, McEwen BS.
Chronic stress impairs rat spatial memory on the Y
maze and this effect is blocked by tianeptine pre-
treatment. Behav Neurosci 1996; 110: 1321-1334.
Conrad CD, LeDoux, JE, Magarifios AM, McEwen BS.
Repeated restraint stress facilitates fear
conditioning independently of causing hippo-
campal CA3 dendritic atrophy. Behav Neurosci
1999; 113:902-913.
Cunningham BA, Hemperly JJ, Murray A. Neural cell
adhesion moledule. Structure, immunoglobulin-like
domains, cell surface modulation, and alternative
splicing. Science 1987; 236: 799-806.
De Kloet ER, Oitzl MS, Joels M. Stress and cognition:
are corticosteroids good or bad guys? Trends
Neurosci 1999; 22: 422-426.
De Kloet ER, Vreugdenhil E, Oitzl MS, JoWls M. Brain
corticosteroid receptor balance in health and
disease. Endocr Rev 1998; 19:269-301.
DiFiglia M, Marshall P, Covault J, Yamamoto M.
Ultrastructural localization of molecular subtypes
of immunoreactive neural cell adhesion molecule
NCAM in the adult rodent striatum. J Neurosci
1989; 9:4158-4 169.
Doherty P, Fazeli MS, Walsh FS. The neural cell
adhesion molecule and synaptic plasticity. J
Neurobiol 1995; 26: 437-446.
Doyle E, Nolan P, Bell R, Regan CM. Hippocampal
NCAM 180 transiently increases sialylation during
the acquisition and consolidation of a passive
avoidance response in the adult rat. J Neurosci Res
1992; 31: 513-523.
Endo A, Nagai N, Urano T, Takada Y, Hashimoto K,
Takada A. Proteolysis of neuronal cell adhesion
molecule by the tissue plasminogen activator-
plasmin system after kainate injection in the
mouse hippocampus. Neurosci Res 1999; 33: 1-8.
Fields RD, Itoh K. Neural cell adhesion molecules in
activity-dependent development and synaptic
plasticity. Trends Neurosci 1996; 19: 473-480.
Gegelashvili G, Andersson AM, Schousboe A, Bock E.
Characterization of NCAM diversity in cultured
neurons. FEBS Lett 1993; 324: 337-340.
Gesing A, Bilang-Bleuel A, Droste SK, Linthorst AC,
Holsboer F, Reul JM. Psychological stress
increases hippocampal mineralocorticoid receptor
levels: involvement of corticotropin-releasing
hormone. J Neurosci 2001; 21" 4822-4829.
G6mez F, Lahmame A, de Kloet ER, Armario A.
Hypothalamic-pituitary-adrenal response to
chronic stress in five inbred rat strains: differential
responses are mainly located at the adrenocortical
level. Neuroendocrinology 1996; 63: 327-337.
Grootendorst J, Oitzl MS, Dalm S, Enthoven L, Schachner
M, de Kloet ER, Sandi C. Stress alleviates reduced
expression of cell adhesion molecules NCAM, L1
and deficits in learning and corticosterone
regulation of apolipoprotein E knockout mice. Eur
J Neurosci 2001; 14: 1505-1514.
Herman JP, Spencer R. Regulation of hippocampal
glucocorticoid receptor gene transcription and
protein expression in vivo. J Neurosci 1998; 18:
7462-7473.
Herman JP, Watson RL, Spencer R. Defense of
adrenocorticosteroid receptor expression in rat
hippocampus: effects of stress and strain.
Endocrinology 1999; 140:3981-3991.
Hoffman KB, Murray BA, Lynch G, Munirathinam S,
Bahr BA. Delayed and isoform-specific effect of
NMDA exposure on neural cell adhesion
molecules in hippocampus. Neurosci Res 2001;
39:167-173.
Holst BD, Vanderklish PW, Krushel LA, Zhou W,
Langdon RB, McWhirter JR, et al. Allosteric
modulation of AMPA-type glutamate receptors158 K. TOUYAROT AND C. SANDI
increases activity of the promoter for the neural
cell adhesion molecule, NCAM. Proc Natl Acad
Sci USA 1998; 95: 2597-2602.
JoWls M, de Kloet ER. Mineralocorticoid and gluco-
corticoid receptors in the brain. Implications for
ion permeability and transmitter systems. Prog
Neurobiol 1994; 43: 1-36.
Jorgensen OS. Neural cell adhesion molecule NCAM
as a quantitative marker in synaptic remodelling.
Neurochem Res 1995; 10: 533-547.
Kolkova K, Pedersen N, Berezin V, Bock E. Identi-
fication of an amino acid sequence motif in the
cytoplasmic domain of the NCAM-140 kDa
isoform essential for its neuritogenic activity. J
Neurochem 2000; 75: 1274-1282.
Luine V, Villegas M, Martinez C, McEwen BS.
Repeated stress causes reversible impairments of
spatial memory performance. Brain Res 1994;
639:167-170.
Lynch MA, Voss KL. Presynaptic changes in long-
term potentiation: Elevated synaptosomal calcium
con-centrations and basal phosphoinosited
turnover in dentate gyms. J Neurochem 1991; 56:
113-118.
Magarifios AM, McEwen BS. Stress-induced atrophy
of apical dendrites of hippocampal CA3c neurons:
Involvement of glucocorticoid secretion and
excitatory amino acid receptors. Neuroscience
1995a; 69: 89-98.
Magarifios AM, McEwen BS. Stress-induced atrophy
of apical dendrites of hippocampal CA3c neurons:
Comparison of stressors. Neuroscience 1995b; 69:
83-88.
Magarifios AM, Garcia-Verdugo JM, McEwen BS.
Chronic stress alters synaptic terminal structure in
the hippocampus. Proc Natl Acad Sci USA. 1997;
94: 14002-14008.
Mamalaki E, Kvetnansky R, Brady LS, Gold PW,
Herkenham M. Repeated immobilization stress
alters tyrosine hydroxilase, corticotropin-releasing
hormone and corticosteroid receptor ribonucleic
acid levels in rat brain. J Neuroendocrinol 1993;
4: 689-699.
McEwen BS. Stress and hippocampal plasticity. Annu
Rev Neurosci 1999; 22: 105-122.
McKinney RA, Capogna M, Dtrr R, Gfihwiler BH,
Thompson S.M. Miniature synaptic events
maintain spines via AMPA receptor activation.
Nat Neurosci 1999; 2: 44-49.
Moghaddam B, Boliano ML, Stein-Behrens B,
Sapolsky R. Glucocorticoids mediate the stress-
induced extracellular accumulation of glutamate.
Brain Res 1994; 655:251-254.
Moutsatsou P, Psarra AM, Tsiapara A, Paraskevakou
H, Davaris P, Sekeris CE. Localization of the
glucocorticoid receptor in rat brain mitochondria.
Arch Biochem Biophys 2001; 386: 69-78.
Murphy KJ, Regan CM. Contributions of cell adhesion
molecules to altered synaptic weightings during
memory consolidation. Neurobiol Learn Mem
1998; 70:73-81.
Noble M, Albrecthsen M, Moller C, Lyles J, Bock E,
Goridis, C, et al. Glial cells express N-CAM/D2-
CAM-like polypeptides in vitro. Nature 1985; 316:
725-728.
Paskitti, ME, McCreary BJ, Herman JP. Stress
regulation of adrenocorticosteroid receptor gene
transcription and mRNA expression in rat
hippocampus: time-course analysis. Mol Brain Res
2000; 80: 142-152.
Persohn E, Pollerberg GE, Schachner M. Immuno-
electron-microscopic localization of the 180 kD
component of the neural cell adhesion molecule
N-CAM in postsynaptic membranes. J Comp
Neurol 1989; 288: 92-100.
Pollerberg GE, Schachner M, Davoust J.
Differentation state-dependent surface mobilities
of two forms of the neural cell adhesion molecule.
Nature 1986; 324: 462-465.
Regan C. Regulation of neural cell adhesion molecule
NCAM sialylation state. Int J Biochem 1991 23:
513-523.
Rnn LC, Berezin V, Bock E. The neural cell adhesion
molecule in synaptic plasticity and ageing. Int J
Dev Neurosci 2000; 18:193-199.
Rougon G. Structure, metabolism and cell biology of
polysialic acid. Eur J Cell Biol, 1993; 61: 197-207.
Rutishauser U, Landmesser L. Polysialic acid in the
vertebrate nervous system: a promoter of plasticity
in cell-cell interactions. Trends Neurosci 1996; 19:
422-427.
Sandi C, Loscertales M. Opposite effects on NCAM
expression in the rat frontal cortex induced by
acute vs. chronic corticosterone treatments. Brain
Res 1999; 828: 127-134.
Sandi C, Merino JJ, Cordero MI, Touyarot K, Venero C.
Effects of chronic stress on contextual fear con-
ditioning and the hippocampal expression of theCHRONIC STRESS DOWN-REGULATES NCAM- 140 159
neural cell adhesion molecule, its polysialyl-ation,
and L1. Neuroscience 2001; 102: 329-339.
Sandi C, Rose SP, Mileusnic R, Lancashire C. Cortico-
sterone facilitates long term memory formation via
enhanced glycoprotein synthesis. Neuroscience
1995; 69:1087-1093.
Sandi C. The role and mechanisms of action of gluco-
corticoid involvement in memory storage. Neural
Plast 1998; 6:41-52.
Sapolsky RM. Stress, glucocorticoids and their adverse
neurological effects: Relevance to aging. Exp
Gerontol 1999; 3:721-732.
Sapolsky RM. The possibility of neurotoxicity in the
hippocampus in major depression: A primer on
neuron death. Biol Psychiatry 2000; 48: 755-765.
Sapolsky RM, Krey LC, McEwen, BS. Stress down-
regulates corticosterone receptors in a site-specific
manner in the brain. Endocrinology 1984; 114:
287-292.
Schachner M. Neural recognition molecules and synaptic
plasticity. Curr Op Cell Biol 1997; 9: 627-634.
Schuster T, Krug M, Hassan H, Schachner M. Increase
in proportion of hippocampal spine synapses
expressing neural cell adhesion molecule
NCAM180 following long-term potentiation. J
Neurobiol 1998; 37: 359-372.
Schuster T, Krug M, Stalder M, Hackel N, Gerardy-
Schahn R, Schachner M. Immunoelectron micro-
scopic localization of the neural recognition
molecules L 1, NCAM, and its isoform NCAM180,
the NCAM-associated polysialic acid, beta
integrin and the extracellular matrix molecule
tenascin-R in synapses of the adult rat hippo-
campus. J Neurobiol 2001 49:142-158.
Sousa N, Lukoyanov NV, Madeira MD, Almeida, OFX,
Paula-Barbosa MM. Reorganization of the morp-
hology of hippocampal neurites and synapses atter
stress-induced damage correlates with be-havioral
improvement. Neuroscience 2000; 97" 253-266.
Stein-Behrens, BA, Lin, WJ, Sapolsky RM, Physio-
logical elevations of glucocorticoids potentiate
glutamate accumulation in the hippocampus. J
Neurochem 1994; 63: 596-602.
Venero C, Borrell J. Rapid glucocorticoid effects on
excitatory amino acid levels in the hippocampus: a
microdialysis study in freely moving rats. Eur J
Neurosci 1999; 11:2465-2473.
Venero C, Guaza C, Sandi C. Regional and temporal
modulation of brain glycoprotein synthesis by
corticosterone. NeuroReport 1996; 7:2819-2822.
Venero C, Tilling T, Hermans-Borgmeyer I, Schmidt
R, Schachner M, Sandi C. Chronic stress induces
opposite changes in the mRNA expression of the
cell adhesion molecules NCAM and L1.
Neuroscience 2002; 115:1211-1219.
Watanabe Y, Gould E, McEwen BS. Stress induces
atrophy of apical dendrites of hippocampal CA3
pyramidal neurons. Brain Res 1992a; 588:341-345.
Watanabe Y, Gould E, Cameron H, Daniels D, McEwen
BS. Phenytoin prevents stress- and corticosterone-
induced atrophy of CA3 pyramidal neurons.
Hippocampus 1992b; 2:431-436.
Woolley CS, Gould, E, McEwen, BS. Exposure to
excess glucocorticoids alters dendritic morphology
of adult hippocampal pyramidal neurons. Brain
Res 1990; 531: 225-231.